An M w 6.2 earthquake occurred in Central Italy on 24 August 2016. The objective of this study was to reveal the imprint of rupture directivity using the strong motion recordings. The strong motion stations were separated into two groups: southeast (SE) and northwest (NW). The effects of rupture directivity on the peak ground acceleration (PGA), peak ground velocity (PGV), and pseudo spectral acceleration (PSA) were investigated. The observed values of these parameters were compared with predicted values derived from ground motion prediction equations. The results showed that the residuals between the observed and predicted PGAs, PGVs, and PSAs at periods of T < 1 s were correlated significantly with azimuth angle and generally larger in the NW sector, reflecting that the observed PGAs, PGVs, and short-period PSAs in the NW sector were generally larger than observed in the SE sector. These phenomena are accordant with the theoretical law that the rupture directivity causes higher amplitudes in the forward direction compared with the backward direction. Finally, selected source rupture parameters were inverted using PGAs and PGVs. This revealed that the rupture was predominantly unilateral rupture, the major rupture was likely at an azimuth of~360°, and the length of the major rupture was proportional to 70%-100% of the total ruptured fault, confirming that rupture directivity caused the differences in the ground motions observed in the SE and NW sectors.
event in Italy. Both earthquakes occurred on the same seismic fault belt. The epicenter of the 2016 event was located 45 km northwest of the L'Aquila event. Rupture directivity in the L'Aquila event was confirmed by the systematic decrease of peak ground accelerations (PGAs) and peak ground velocities (PGVs) at sites located in the backward direction of rupture propagation (Akinci, Malagnini, & Sabetta, 2010) . The predominantly unilateral rupture directivity of the L'Aquila earthquake was also confirmed by slip inversions (Cirella et al., 2012; Gallovič, Imperatori, & Martin Mai, 2015) . For the 2016 event, based on kinematic slip inversions, studies by Tinti et al. (2016) , Chiaraluce et al. (2017) , and Pizzi et al. (2017) suggested bilateral rupture propagation, with perhaps more distinct propagation toward the northwest. Within this context, the objective of this study was to investigate the imprint of rupture directivity based on the ground motion intensity measures (IMs) of the 2016 event. It should be noted that this study was concerned only with the first main shock (24 August 2016), even though two subsequent large events occurred as part of this earthquake sequence, i.e., M w 5.9 on 26 October and M w 6.5 on 30 October (Chiaraluce et al., 2017; Pizzi et al., 2017) .
Many strong motion recordings were collected during this event by the Italian Accelerometric Network (RAN) and the Italian Seismic Network (RSN). In particular, the data observed at many sites located in the near field of the ruptured fault allowed us to investigate the effects of rupture directivity on IMs such as PGA, PGV, and 5% damped pseudo spectral accelerations (PSAs) at different spectral periods. Finally, selected rupture parameters, e.g., rupture velocity, dominant horizontal rupture direction, and percent of unilateral rupture, were estimated using an inversion technique based on the observed PGA and PGV fields.
Data
More than 260 strong motion recordings collected during the 2016 event are available from the Engineering Strong-Motion database (ESM, esm.mi.ingv.it) . Most were recorded at stations belonging to RAN and RSN. The locations of the stations are shown in Figure 1a , where the site classes, as defined in Eurocode 8, are distinguished by the different colored triangles. All the data provided by ESM are preelaborations, including processed acceleration, velocity, displacement time histories, and response spectra. 
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To investigate the differences in ground motions in the forward and backward directions of rupture propagation, the stations were separated into two groups (NW and SE) according to a line perpendicular to the NNW-SSE trending seismogenic fault (165°) across the epicenter. A fault plane striking 165°and dipping 45°toward the WSW was released by the U.S. Geological Survey. The Istituto Nazionale di Geofisica e Vulcanologia (INGV) provided another fault geometry distribution with strike angle of 155°and dip angle of 49°. However, irrespective of which was used in this study, the effect on the results concerning rupture directivity would be small. This is because the boundary (dashed line in Figure 1a ) would be changed by a rotation of only 10°, which would not cause significant variation of the station distribution with respect to the NW and SE groups.
To investigate rupture directivity, 76 sites located at the Joyner-Boore distance (R JB ) lower than 70 km ( Figure 1b ) were specifically selected: 35 located in the SE sector and 41 in the NW sector. The R JB values of all sites, derived directly from ESM, were calculated based on the geometry data of the fault plane inverted by Tinti et al. (2016) . In the previous L'Aquila event, the ground motions from sites located at epicentral distances smaller than 70 km reflected a prominent directivity effect (Akinci et al., 2010) . It should be noted that two stations, AMT in the SE sector and NRC in the NW sector with R JB = 1-2 km were excluded in this study, because their waveforms could be unwantedly affected by the details of the rupture process, such as the locations of asperities and updip directivity. The availability of almost the same number of sites in both sectors makes this investigation possible. The R JB distribution for stations with respect to their site classes is shown in Figure 1c . It shows that most stations are Class A and B sites, and the number of stations is almost the same in both sectors. This could reduce the potential impact of local site effects on the investigation of the influence of rupture directivity on ground motions.
Characteristics of Observed Ground Motions
To investigate the potential effects of rupture directivity on ground motions, we compared the ground motion IMs observed in the NW and SE sectors, including PGA, PGV, and 5% damped PSA. The geometric mean of two orthogonal horizontal components was taken as representative for one site. We compared the observed values of these IMs with values predicted by GMPEs.
Peak Ground Motion Parameters
The observed PGAs and PGVs were compared with the predicted values estimated by three GMPEs developed by Bindi et al. (2011) (called Bin11), Akkar and Bommer (2007a) (called AB07a), and Akkar and Bommer (2007b) (called AB07b). Bin11 was derived from the Italian strong motion database, and it could be used for predicting PGA, PGV, and 5% damped spectral accelerations at periods between 0.04 and 2.00 s. AB07a could be used for predicting PGA and displacement response ordinates for different damping ratios at periods up to 4.00 s. AB07b could be used for predicting only PGV. Both AB07a and AB07b were derived from the strong motion database for the seismically active areas of Europe and the Middle East. In this study, PGAs were estimated using Bin11 and AB07a, and PGVs were estimated using Bin11 and AB07b.
Figures 2 and 3 show comparisons of the PGAs and PGVs, respectively, between the observed and predicted values and their residuals. The total residual (Res) is given by
where IM obs and IM pred represent the observed and predicted ground motion IMs, respectively. The positive (or negative) residual represents an underprediction (or overprediction) of the IMs. The total residual could be decomposed into between-event and within-event residuals, as proposed by Al Atik et al. (2010) . The between-event residual represents the earthquake-to-earthquake variability. For an individual earthquake, all recordings include the same event term. The within-event residual represents the record-to-record variability, i.e., azimuthal variations in source, path, and site effects. To investigate the only azimuthal variations in the source (i.e., rupture directivity), the path-corrected residual was used in this study, which was calculated as the total residual minus its distance-binned mean, as shown in Figures 2 and 3 by Tinti et al. (2016) , and M w 6.0 by INGV; the value of M w = 6.2 was considered in this study. Obviously, uncertainty regarding the magnitude could affect the IM predictions and their total residuals. However, the pathcorrected residual implicitly removes the impact of magnitude uncertainty. Therefore, irrespective of the value of M w used, the identification of rupture directivity based on the analyses of ground motion IMs would be unchanged.
To characterize the site effect term in both AB07a and AB07b, the sites were classified as rock, stiff soil, and soft soil, according to the average shear-wave velocity over the uppermost 30 m at the site (V S30 ). A V S30 value above 750 m/s corresponds to rock, below 360 m/s corresponds to soft soil, and an intermediate value corresponds to stiff soil. According to the defined range of V S30 for each site class in Eurocode 8, Class A (V S30 > 800 m/s) is approximately equivalent to rock, Class B (V S30 = 360-800 m/s) is equivalent to stiff soil, and Classes C-E (V S30 < 360 m/s) are together equivalent to soft soil. For Bin11, the five types of site class defined in Eurocode 8 (Classes A-E) were used for characterizing different site amplifications. The path-corrected residuals are plotted, which were calculated as the total residuals minus their distance-binned means. The shaded areas show the R JB range (i.e., <70 km) within which the sites were used specifically to investigate the directivity effects.
Tectonics 10.1002/2017TC004673 Figure 2 shows that the observed PGAs for R JB < 100 km are consistent with the predicted medians, irrespective of whether calculated by Bin11 or AB07a. However, many of the observed values are below the predicted values for R JB > 100 km, implying that the predicted PGAs given by both GPMEs are overestimated. It should be noted that the binned means of the total residuals calculated using Bin11 are smaller than those calculated using AB07a in the R JB ranges of 100-200 and 200-400 km, indicating less overestimation by Bin11. As mentioned above, Bin11 was derived from the Italian strong motion database, which could guarantee more accurate estimations of ground motion within Italy. The PGV predictions of both Bin11 and AB07b do not show large systematic deviation in terms of distance dependence for R JB < 200 km, unlike the PGA predictions in Figure 2 . However, similar to PGA, both models overestimate the observed PGV when R JB > 200 km.
Figures 2 and 3 illustrate that the path-corrected residuals are mostly positive in the NW sector and mostly negative in the SE sector for R JB < 70 km, irrespective of the GMPE used. For R JB > 70 km, the path-corrected residuals in the both NW and SE sectors are distributed uniformly around zero. This indicates that the observed PGAs and PGVs are generally larger in the NW sector than the SE sector for R JB < 70 km. A tension spline interpolation method was used to obtain the spatial distributions of the path-corrected residuals of Figure 4 . It is clear that the path-corrected residuals are mostly positive in the NW sector and mostly negative in the SE sector for R JB < 70 km. The most likely reason for this is the rupture directivity effect; however, another potential reason could be local site effects. Although site effects were corrected for by the predicted IMs, they still could cause some differences between the IMs in the NW and SE sectors. In the GMPEs used in this study (i.e., Bin11, AB07a, and AB07b), the site class was considered when correcting for site effects. The correction factor was the same for all stations assigned as the same site class. However, the site class was assigned based on the V S30 range, e.g., stiff soil in the GMPEs of AB07a and AB07b corresponds to a wide range of V S30 (750 m/s ≤ V S30 ≤ 360 m/s). This implies that even though stations might be assigned as the same site class, their site responses could have large variations.
To investigate the dependence of PGA and PGV on azimuth, Figure 5 shows the path-corrected residuals for PGAs and PGVs versus the event-to-site azimuth, as observed for R JB < 70 km. It shows that for both PGA and PGV, most path-corrected residuals are larger than zero in the azimuth range of 255°-435°(NW sector) but less than zero in the azimuth range of 75°-255°(SE sector), implying strong dependence on the event-to-site azimuth. It should be noted that the path-corrected residuals are particularly large within the azimuth range of 300°-360°, corresponding to the NNW-SSE trend of the seismogenic fault. If rupture propagation were hypothetically predominant in this direction, it could explain the differences in the PGAs and PGVs in the NW and SE sectors as an effect of rupture directivity.
Figure 5 also presents the azimuthal variations of path-corrected residuals associated with different site classes. A mean of the path-corrected residuals with standard error was calculated for all sites classified as the same class. It shows that the path-corrected residuals for both PGA and PGV associated with different site classes have almost the same variation, and the mean of the path-corrected residuals for each site class is approximately close to zero, especially for Class B (most of the sites are classified as this class). This implies that the above mentioned differences of PGA and PGV in the two sectors are independent of local site effects.
It should be noted that we calculated the mean of the path-corrected residuals with respect to Bin11 by combining Classes D and E together, because there are only three and four sites classified in these two classes, respectively (see Figure 1c ). Tectonics 10.1002/2017TC004673
Response Spectra
The total residuals of the 5% damped PSAs for both AB07a at periods of 0.05-4.00 s and Bin11 model at periods of 0.04-2.00 s were calculated for each site according to equation (1). The residuals for most stations in the NW sector are larger than in the SE sector, especially at periods of T < 1.0 s, as shown in Figure 6 . Thus, the means of the residuals in the NW sector are all larger than in the SE sector, indicating that the observed PSAs in the NW sector are generally larger than in the SE sector, and at least twice as large for T < 0.4 s.
We selected two typical pairs of stations: FEMA and MSC, and CADA and MMP1, as shown in Figure 1b . For each pair, one station is located in the NW sector and the other in the SE sector. Both stations of each pair have the same site class (Class B), similar R JB , and symmetrical distribution of azimuths (an approximate difference of 180°). The PSAs of each pair of stations are compared in Figure 7 . It is evident that the PSAs observed at stations located in the NW sector are significantly larger than in the SE sector. The PSA observed at station FEMA is twice that observed at station MSC for periods of T < 0.6 s. The PSA observed at station CADA is about 3-5 times larger than station MMP1 for all periods ranging from 0.01 to 4.00 s. Excluding the influences of site and path attenuation, such considerable differences in PSA observed in the opposite sectors are most likely caused by source effects, e.g., rupture directivity.
To support the above explanation, we investigated the dependence of PSA at T = 0.1, 0.3, 0.5, 1.0, 1.5, and 2.0 s on the event-to-site azimuth, as shown in Figure 8 . It should be noted that only sites located at R JB < 70 km were considered, where the recorded PGAs and PGVs were strongly dependent on azimuth, as shown in Figure 5 . The path-corrected residuals were calculated using the same approach adopted for the PGAs and PGVs. The predicted PSAs are given by Bin11 and AB07a, respectively. Figure 8 shows that , based on the optimum source rupture parameters (Table 1) , are compared with the path-corrected residuals of PGAs and PGVs.
Tectonics 10.1002/2017TC004673 the path-corrected residuals derived from most sites in the NW sector are larger than zero for PSAs at T = 0.1, 0.3, and 0.5 s but less than zero for data derived in the SE sector. In particular, the path-corrected residuals are considerably positive in the azimuth range of 300°-360°, as found for PGA and PGV (see Figure 5 ). The same trend can be observed for the path-corrected residuals calculated using both Bin11 and AB07b. For PSA at T = 1.0, 1.5, and 2.0 s, such features cannot be observed clearly, implying that only the short-period (T < 1.0 s) PSAs observed in the NW sector are larger than observed in the SE sector, which could be attributable to rupture directivity.
Inverting Source Rupture Parameters
Using a technique proposed by Boatwright (2007) and , we inverted the azimuthally varying residuals for gross source rupture parameters, including rupture velocity, predominant rupture direction, and percent of unilateral rupture. This technique has been applied previously to investigate the rupture directions of three moderate earthquakes that occurred in northern Italy in 2012 and four aftershocks of the M s 7.0 Lushan earthquake in China (Wen et al., 2015) .
For a simple homogeneous kinematic line source model that ruptures bilaterally, the directivity amplification or deamplification of the spectral ordinate is proportional to C d n , where C d is the directivity coefficient (Ben-Menahem, 1961; Boatwright, 2007; Hirasawa & Stauder, 1965) :
where v r /c is the Mach number (c is the shear-wave velocity and v r is the rupture velocity) and ϑ is the angle between the ray that leaves the source and the direction of the rupture propagation (Joyner, 1991) , which could be simply expressed as the rupture direction φ minus the event-to-site azimuth. Parameter k represents the relative portion of rupture length in the direction φ accounting for the entire rupture length. It constrains whether φ is the predominant rupture direction. Effectively, a value of k > 0.5 reveals that the rupture direction φ is predominant; otherwise, the opposite direction (i.e., φ + 180°or φ À 180°) is predominant.
The exponent n depends on the source model considered (Gallovič, 2017; Pacor et al., 2016; Ruiz et al., 2011) , i.e., n = 2 for omega-squared kinematic models with single corner frequency and n = 1 for models with two corner frequencies (e.g., a linear model with constant slip and risetime). For models with heterogeneous distributions of slip and risetime or with incoherent rupture propagation, the value of n decreases from 2 or 1 to 0 in the case of purely stochastic and composite models. Generally, the exponent n = 1 is used to characterize the effect of rupture directivity on ground motions (Boatwright, 2007; Tan & Helmberger, 2010; Wen et al., 2015) . Frequencydependent n was also demonstrated by Pacor et al. (2016) , who found it reproduced well the azimuthal distributions of apparent source spectra. It remains debatable which value of exponent n is optimum (Ruiz et al., 2011) . The rupture directivity effect is not comprehensively considered in most GMPEs, including Bin11, AB07a, and AB07b. To eliminate the rupture directivity effect, the best fitted C d parameters could be achieved theoretically to minimize the residuals between the theoretical predictions and the observed values corrected by C d n :
where Y i O and Y i P represent the observed and predicted values, respectively, of PGA or PGV, and N means the number of strong motion recordings. The C i un term is a random variable that accounts for the uncertainties of the predicted values. The log10(C i un ) term assumes a Gaussian distribution with zero mean and standard Tectonics 10.1002/2017TC004673 deviation equal to the total standard deviation of the GMPE. In equation (3), we tested n values fixed at 0.25, 0.50, 0.75, 1.00, and 2.00.
We used a grid-searching technique to obtain the optimum source parameters, including v r /c, k, and φ. Bin11 was used in the inversion process for PGA and PGV, AB07a was used for PGA, and AB07b for PGV. Overall, 500 random realizations of inversion were made independently to derive 500 groups of optimal source rupture parameters, as shown in Figure 9 . A Monte Carlo sampling technique was used to generate random variables of log10(C i un ) (i = 1, N). The parameters that corresponded to the best fitting (i.e., mean) values, together with their uncertainties (standard deviations), are provided in Table 1 .
The rupture directivity effects, described as C d n on the log10 scale, calculated using the mean values of φ, v r /c, and k in Table 1 , are plotted in Figure 5 . Good agreements between C d n and the residuals of PGAs and PGVs are evident, except for the case of n = 2.00. The fitting thus supports the results of previous investigations suggesting that the rupture directivity effect could potentially have caused the large differences in the IMs observed in the NW and SE directions, i.e., the rupture forward and backward directions, respectively.
It is evident that the inverted parameters are similar whether using PGAs or PGVs in the case of the same value of n, irrespective of the GMPE. Furthermore, the standard deviation is small for each parameter, implying robust inversions. It should be noted that the standard deviations provided by the inversions using Bin11 are larger than those using AB07a and AB07b. This might be explained by the fact that the values of the standard deviations of PGA and PGV given by Bin11 are larger than given by AB07a and AB07b. Figure 9 shows that the values of φ are independent of the exponent n, but both v r /c and k are dependent. The rupture is predominantly unilateral, and the prevailing direction of rupture propagation has azimuth of 360°, approximately close to the NNW-SSE trend of the seismogenic fault. The length of the major rupture was proportional to 70%-100% of the total ruptured fault. The smaller n value produced the larger percent of unilateral rupture. Figure 10 shows the epicenters of the aftershocks that occurred during the first 24 h after Tectonics 10.1002/2017TC004673 the main shock and the rupture direction inverted using the PGV equation of Bin11 for the case of n = 1. It shows that the predominant rupture direction inverted in this study is almost consistent with the spatial distribution of aftershocks, implying that the inversion results are acceptable. It also agrees well with the rupture directivity toward the NNW derived from the kinematic rupture history provided by Tinti et al. (2016) and Pizzi et al. (2017) . The optimum Mach number v r /c varied in a wide range from~0.5 to~1.0, which depended strongly on the value of exponent n considered. A smaller value of exponent n resulted in a larger value of v r /c. Values of v r /c ranging from 0.7 to 0.9 are generally used by the seismology community; therefore, the values of 0.72-0.81 obtained for the case of n = 0.5 were considered. Results provided by Gallovič (2016) showed that the best fit with the observed near-fault strong motion data for frequencies greater than 1 Hz is provided by a model with n value of~0.5. Given c = 3.5 km/s at the depth of 8 km (Herrmann, Malagnini, & Munafò, 2011) , the rupture velocity determined was 2.52-2.84 km/s. This is close to the value of 2.8 km/s retrieved by Convertito, Matteis, and Pino (2017) and slightly lower than the values of 3.1 and 3.0 km/s given by Tinti et al. (2016) and Pizzi et al. (2017) , respectively.
It should be noted that the uncertainty of earthquake magnitude might also affect the inversion results, because different values of Y i P in equation (3) could be derived using different earthquake magnitudes. For this Central Italy earthquake on 24 August 2016, different values of moment magnitude were measured, i.e., M w 6.2 by the U.S. Geological Survey and Pizzi et al. (2017) , M w 6.1 by Tinti et al. (2016) , and M w 6.0 by INGV. The value of M w 6.0 was adopted by Convertito et al. (2017) to investigate source directivity using a similar inversion method to this study, using a source model exponent of n = 1.0, and the Bin11 model for PGV prediction. They obtained similar values for φ and k but a larger value for v r /c (~0.8) compared with the results of our study (v r /c~0.54). To investigate the influence of the uncertain value of M w , values of 6.0, 6.1, and 6.2 were adopted separately to invert the rupture parameters for the case of n = 1.0, as shown in Figure 11 . It shows that although the values of φ and k do have a little variability, significant variability is evident in the inverted v r /c values. Given M w = 6.0, v r /c is equal to 0.72 ± 0.10, which is close to the value reported by Convertito et al. (2017) .
Conclusions
Many strong motion recordings, obtained from RAN and RSN following the M w 6.2 earthquake that occurred in Italy on 24 August 2016, allowed us to investigate the imprint of rupture directivity based on ground motion IMs. The IMs used in this study included PGA, PGV, and 5% damped PSA. The recordings were separated into two groups (NW and SE) according to the source-to-site azimuth. The observed IMs were compared with predicted values estimated using different GMPEs, which were developed by Bindi et al. (2011) (called Bin11, for PGA, PGV, and PSA), Akkar and Bommer (2007a) (called AB07a, for PGA and PSA), and Akkar and Bommer (2007b) (called AB07b, for PGV). The path-corrected residual was calculated as the total residual between the observed and predicted values minus its distance-binned mean. . Aftershocks that occurred in the first 24 h after the main shock, and the predominant rupture direction inverted using the PGV equation of Bin11 for the case of n = 1. The green and gray arrows indicate the mean value and the range of one standard deviation, respectively, as presented in Table 1 . The lengths of the arrows represent the rupture proportion, and they are not the actual rupture lengths in the respective directions. The red star and dots indicate the epicenters of the main shock and aftershocks, respectively. The catalog of aftershocks was downloaded from http://cnt.rm.ingv.it/.
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The dependence of the path-corrected residual on the event-to-site azimuth for R JB < 70 km was investigated, and the following imprints of rupture directivity were determined.
1. The observed PGAs and PGVs in the NW sector were mostly larger than in the SE sector for R JB < 70 km. For both PGA and PGV, most path-corrected residuals were larger than zero in the azimuth range of 255°-435°(NW sector) but less than zero in the azimuth range of 75°-255°(SE sector), indicating strong dependence of the path-corrected residuals on event-to-site azimuths. The path-corrected residuals were particularly large in the azimuth range of 300°-360°, which is approximately close to the NNW-SSE trend of the seismogenic fault. The mean of the path-corrected residuals, averaged over all sites of the same site class, was approximately close to zero, and the standard deviation was approximately constant, indicating that the rupture directivity effect rather than local site effects dominated the azimuthal variations of PGA and PGV. 2. The residuals of the PSAs in the NW sector were, in general, larger than in the SE sector, especially at periods of T < 1.0 s. The path-corrected residuals derived from sites located in the NW sector were mostly larger than zero for PSAs of T = 0.1, 0.3, and 0.5 s but less than zero for data derived in the SE sector. For PSAs of T = 1.0, 1.5, and 2.0 s, such a feature could not be observed clearly, implying that only short-period (T < 1.0 s) PSAs were affected by rupture directivity. Figure 11 . Histograms of the optimal source rupture parameters inverted by PGA and PGV for the case of exponent n = 1. The colors represent results inverted using different values of moment magnitude, i.e., 6.0, 6.1, and 6.2. The three vertical lines of different colors in each panel represent the mean of all results from 500 random realizations.
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Finally, the observed PGAs and PGVs at stations with R JB < 70 km were inverted for gross source rupture parameters, including rupture velocity, predominant rupture direction, and percent of unilateral rupture. The results showed that the rupture was predominantly unilateral, the major rupture was likely at an azimuth of~360°, rupture velocity was 2.52-2.84 km/s, and the length of the major rupture was proportional to 70%-100% of the total ruptured fault, which is in agreement with slip inversion results (Pizzi et al., 2017; Tinti et al., 2016) .
